A novel synthetic method to prepare N-doped TiO 2 catalysts was studied, by which a stable and homogeneous liquid polymeric precursor was produced, thus the catalysts can be loaded on suitable substrates, making catalysts facilely separated from waste water. The doping ratios and annealing temperatures were optimized by testing photodegradation of the products to methyl orange. To improve the Brunauer-Emmett-Teller surface areas of the catalyst, PEG was grafted to the structure of precursor polymer, by which an increase of 55% in BET surface areas and 20% in the photodegradation efficiencies was achieved. The crystalline phase was measured by X-ray diffraction and structural parameters were calculated by Xpert Highscores. FESEM and HRTEM pictures showed that the average particle size of the nitrogen doped and PEG modified catalyst reached to only 5 nm. X-ray photoelectron spectroscopy showed that nitrogen dope mode was interstitial. Using quartz fabrics as substrate, the loaded catalysts were facilely recycled and reused by 15 times without decay in photodegradation efficiency.
Introduction
TiO 2 photocatalysts have attracted considerable attention due to their remarkable performances in environmental applications dealing with water and air purication. Complete and efficient degradation of various organic pollutants including industrial wastewater, domestic sewage or microbial toxins under ultraviolet irradiation can be effectuated by TiO 2 photocatalysts, 1 by decomposing them into CO 2 and H 2 O. However, pristine TiO 2 is activated only under UV irradiation due to its wide band gap, limiting the practical efficiency for solar applications. In recent years, the main approaches to modify the photocatalytic ability of TiO 2 8, 9 Nevertheless, the metal elements doping will compromise thermal stability and shorten lifetime of carriers 10, 11 and based on the results of calculation of density of states (DOSs) of doping of non-metal in the anatase TiO 2 crystal, Asahi et al. 12 suggested that, the substitutional doping of N could effectively narrow the band-gap by substituting for O 2p states. Since then, signicant efforts are being devoted to synthesis of N-doping TiO 2 . Several feasible common N-doping pathways have been reported like hydro-thermal synthesis, 13 sol-gel synthesis, 14 micro-emulsion synthesis, 4 powders sintering 15 etc. However, these schemes demand long synthetic circle and the as-prepared products are mainly in the form of powders or particles, while the use of aqueous suspension of nanoparticles of TiO 2 for photocatalytic removal of pollutants is not suitable for industrial applications due to the inconvenient and expensive separation of nanoparticles of TiO 2 for reuse.
To avoid the above drawbacks, a novel synthesis scheme, polymeric precursor method 16 was exerted to produce a product existed in the form of stable and homogeneous solution. The precursor showing various advantages because the liquid Tiprecursor can be loaded on suitable reactor substrates, making catalysts facilely separated from treated water. 17 In this paper, visible light active N-doped TiO 2 photocatalyst was prepared via polymeric precursor method, and was immobilized on quartz bers by drop-coating and pyrolysis process. In a typical precursor synthesis method, PEG and a nitrogencontaining compound are introduced as pore templating material for tailor-designing the structural properties of TiO 2 and as nitrogen dopant for its visible light response, respectively. By studying synthetic conditions, precursors structure, pyrolysis conditions and properties of TiO 2 catalysts, the precursor synthesis and pyrolysis process were optimized. To obtain the precise band gap within the TiO 2 , rst-principles density functional theory (DFT) [18] [19] [20] [21] and related calculating soware were used to simulate the schematic illustration of density of states of modied samples.
Experimental

Synthesis of precursor and powder catalysts
All reagents were used without further purication. Ncontaining Ti 4+ resins were prepared by the polymeric precursor method. In a typical procedure, acetamide (Beijing Chemical Co.) was mixed with titanium tetraisopropoxide (Aldrich, TTIP) and drastically stirred at 120 C for 2 hours. Aer cooling to 90 C, acetylacetone (Xilong Chemical Co., Ltd., Hacac) was added and stirred for 10 min. Then, a mixture of H 2 O and n-propanol (mass ratio of H 2 O/n-propanol is 1/4) was added dropwise and reuxed for 2 hours. Finally, the solvent was evaporated under reduced pressure, and the obtained viscous precursor was calcined in an air stream at 350, 400, 450 or 500 C for 15 min (2 hours for undoped TiO 2 ) at a heating rate 
Preparation of catalysts coated fabric
Quartz fabrics (Hubei Feilihua Quartz Glass Co., Ltd) with a size of 50 mm Â 30 mm were used as a substrate for fabricating immobilized TiO 2 catalysts and the mass of fabrics were controlled by its tailored thickness. Before coating, the fabrics were heated in muffle at 450 C to remove the sizing agent. nPropanol solution of the precursor with a Ti mass fraction of 1%, 3% or 5% was spread on the quartz fabrics by drop-coating. The precursor-coated fabrics were dried in vacuum at room temperature and cured at 80 C with a relative humidity of 80%, followed by calcined at 400 C for 15 min with a temperature gradient of 3 C min À1 . The prepared TiO 2 catalysts coated quartz fabrics using precursor solutions of different concentration were denoted as QF-1, QF-3 and QF-5 respectively. The coating mass ratio of TiO 2 was determined by weighing the quartz fabrics before and aer coating and the loaded catalysts were controlled at the mass of 30 mg.
Characterization of catalysts
The crystal phases of the catalysts were obtained by X-ray diffraction (Rigaku D/max 2500, Cu Ka source, 40 kV Â 200 mA). The nitrogen doping level was conrmed by X-ray photoelectron spectroscopy (XPS, ESCALab220i-XL). The nitrogen content of the catalysts was measured by a TC-306 nitrogen/ oxygen analyser (Baoying Technology). Brunauer-EmmettTeller (BET) surface areas were measured by nitrogen adsorption by induced isotherms at 77 K with a Micromeritics ASAP 2020 instrument. The morphology of the catalysts was analyzed through scanning electron microscopy (SEM, Hitachi SU-8020).
For transmission electron microscopy (TEM) analysis, powder samples were suspended in alcohol and sonicated for 10 min before being dispersed onto formvar-coated copper grids. The particle-loaded grids were studied under JEOL JEM-2200 transmission electron microscope operating at an accelerating voltage of 200 kV. The density of states of modied samples was calculated by the VASP soware. The ultraviolet-visible diffusion reectance spectra (UV-vis DRS) were measured by Shimadzu-UV-2600 spectrophotometer. The photoluminescence (PL) spectra were measured with a uorescence spectrometer (F-4500, HITACHI).
Measurement of photocatalytic activity
The photocatalytic activity of the catalysts for the oxidation of methyl orange (MO) was tested under visible light illumination. The catalyst powders (30 mg) or the immobilized catalysts (30 mg loaded) were placed in quartz cuvettes and immersed in 30 mL of a methyl orange aqueous solution (15 mg L À1 ). The cuvettes were placed in a photo-reactor at 25 C and illuminated by a Xe arc lamp (500 W, cut off wavelength below 420 nm). Aer the irradiation, the quartz fabric was extracted and washed for 10 times by deionized water. Then it was dried at 100 C for 30 min before its reutilization. The photocatalytic oxidation of methyl orange was monitored by taking UV-vis measurements (Shimadzu-UV-2600 spectrophotometer) at various light exposure times. C for all precursors despite of the N/Ti ratio, and the optimal N/Ti molar ratio was 2.0. The photocatalytic activity decreased when the N/Ti molar ratio was higher than 2.0, which may be due to the concomitant increase of the recombination rate, consistent with the reported literature. 22 As a comparison, the undoped samples were also synthesized by the precursor derived method, and all the samples do not show photocatalytic activity under visible light.
Results and discussions
3.1.2. XRD characterization. As shown in Fig. 2 , the XRD patterns of the as-prepared N-TiO 2 -2 precursor which calcined at different temperatures indicate that all samples sintered above 400 C were predominantly homogeneous anatase phase, and calcination at higher temperature leaded to increase of the crystallinity and crystal size. The XRD pattern of N-doped TiO 2 sintered at 350 C (N-TiO 2 -2-350) shows no crystal phase, while that of the undoped TiO 2 calcined at the same temperature is anatase (Fig. S1 †) , which suggested that the crystalline process was impeded by doping nitrogen atom. Rietveld tting (using Xpert Highscores soware-ver. 3.0) and Scherrer equation were applied on the diffraction peaks assigned to the anatase (101) lattice plane to obtain the lattice parameters and crystallite size of the samples. As shown in Table 1 , the crystallinity was only 26.56% for catalyst calcined at 400 C, and increased to 79.07% with a raise of calcination temperature to 450 C. Further increasing calcination temperature to 500 C seemed having no obvious contribution to crystallinity, but leaded to the increase of the crystallite size as well as loss of nitrogen. From the XRD results, one can conclude that the scarcity of photocatalytic activity of sample obtained at 400 C (N-TiO 2 -2-400) may be due to its low crystallinity, and that of sample N-TiO 2 -2-500 can be attributed to the loss of doped nitrogen under high temperature. [23] [24] [25] The sample calcined at 450 C (N-TiO 2 -2-450) appeared to have proper crystallinity as well as nitrogen retention, thus possessing the best photocatalytic activity.
The tting results listed in Table 1 suggest that the unit cell volume of modied TiO 2 expanded when comparing with that of pure TiO 2 , which was due to the atomic radius of nitrogen is larger than that of the oxygen. The results were consistent with the previous literature 25 and hint that nitrogen atoms were successfully incorporated into TiO 2 lattice.
PEG modied catalysts
Studies showed that surface areas of the catalysts have a direct impact on the photocatalytic activity of the catalyst, so PEG-600, a pore-former used was graed to the Ti atom during synthesis process (pre-modied) or directly mixed with the prepared precursor solution (post-modied) to increase the BET surface area of the precursor derived TiO 2 catalyst. To facilitate the comparison, the quantity of PEG-600 added to the two samples was equal. 3.2.1. Photocatalytic property and BET characterization. The visible light driven photocatalytic degradation results (Fig. S2 †) shows that 400 C is the optimal temperature for PEGgraing precursors. When compared with unmodied sample, as shown in Fig. 3 , the degradation capacity of PEG premodied TiO 2 catalysts calcined at 400 C was higher than that of the unmodied sample throughout the photodegradation process, and the degradation rate was 73% for 5 h irradiation, while that of unmodied sample was only 57%. As shown in Table 2 , the BET surface areas of the two samples (NP-TiO 2 -2-400 and N-TiO 2 -2-PEG-400) with different PEG addition methods were almost identical, both improved by 55% comparing with that of the sample without PEG (N-TiO 2 -2-450). And both samples showed an improved photocatalytic activity comparing with that of sample without PEG. Moreover, the pre-modied sample NP-TiO 2 -2-400 showed a higher photocatalytic activity than that of the post-modied sample NTiO 2 -2-PEG-400. This phenomenon may be interpreted by pyrolysis of PEG. When PEG was added during the synthesis process, PEG-600 was supposed to be graed to the precursor, thus during the following thermal process, the pores formed by decomposition of the graed PEG would be distributed homogenously in the catalyst. However, PEG aggregation was supposed to occur during the calcination due to its poor dissolvability in precursor solution and decient mixing uniformity in the post-modied sample, resulting in the interior homogeneity of its pore distribution.
3.2.2. Characterization of crystalline structure and morphology. XRD results (Fig. 4) showed that all the PEGgraed samples calcined at 350-500 C were predominantly homogeneous anatase phase. Comparing with the XRD patterns of samples without PEG, one can conclude that the addition of PEG-600 can lower the crystallization temperature without changing the crystallization phase of the resulting catalysts. As shown in Table 1 , the crystallinity of sample NP-TiO 2 -2-400 was 67.73%, which was far higher than that of sample without PEG but calcined at the same temperature (N-TiO 2 -2-400). The postmodied sample also behave a lower crystallization temperature comparing with that of the unmodied sample (Fig. S3 †) , which may be due to the induced crystallization effect of PEG.
The results was similar as the study of French et al., 27 who reported that PEG could behave as the crystal nucleus for heterogeneous nucleation.
To study the inuences of graed PEG to the morphology of N-doped TiO 2 , FESEM and HRTEM images of samples N-TiO 2 -2-450 and NP-TiO 2 -2-400 which have the best photocatalytic activity were measured and shown in Fig. 5 . From the results one can note that both the samples show spherical nanoparticles ( Fig. 5a and b) stacking into grape-like aggregates. The particle size of sample N-TiO 2 -2-450 ranged from 10-20 nm, and that of sample NP-TiO 2 -2-400 was about 5 nm. The HRTEM images illustrate that the nano-particles were comprised of highly crystallized anatase with lattice of 0.35 nm which was corresponding to the (101) crystallographic plane of TiO 2 . Particle size measured in HRTEM image (Fig. 5d) for sample NPTiO 2 -2-400 was smaller than that of N-TiO 2 -2-450 (Fig. 5c) and it was consistent with the data obtained from FESEM images.
3.2.3. Chemical structure. The chemical composition and elemental valence of NP-TiO 2 -2-400 was detected by XPS analysis. The XPS survey spectra (Fig. 6a) shows three characteristic peaks ascribed to Ti, O and N respectively. High resolution XPS spectra for Ti 2p (Fig. 6b) shows two peaks corresponding to . 26 As shown in Fig. 6c , the N 1s peak of NP-TiO 2 -2-400 could be deconvoluted into two peaks located in 399.6 eV and 400.7 eV, which was attributed to N-O-Ti and N-Ti-O, respectively.
28,29
The results indicate that N atoms were incorporated into interstitial sites, and no substitutional N atoms exited in the form of Ti-N-Ti. 12, [30] [31] [32] In correspondence with that of N 1s, the O 1s XPS spectra also shows the peak of Ti-O-N located in 531.7 eV, which conrmed the interstitial doped form. To investigate the optical property including the capacity of photon reaping, electron-hole pairs trapping, migration and transfer, and to obtain the life track which implement high impact on photocatalysis, photoluminescence emission spectra 34 and UV-vis absorption spectrum were investigated.
UV-vis absorption spectrum shows photon reaping capacity of N-doped TiO 2 catalysts mainly by comparing optical absorption edges. Fig. 7 shows the UV-vis diffuse reectance spectra of undoped and nitrogen doped TiO 2 photocatalysts. As shown in Fig. 7b , absorption edge of sample N-TiO 2 -2-450 exhibits an evident red shi. However, the absorption edges of sample NP-TiO 2 -2-400 and N-TiO 2 -2-PEG-400 show blue shi compared with sample N-TiO 2 -2-450. Further study is required to fathom the effect.
Moreover, nitrogen doped samples still possessed obvious absorption intensity aer 400 nm while the pristine TiO 2 showed hardly any absorption in this spectrum. Thus, the addition of nitrogen can not only enhance lifetime of charge carriers but also visible light usage effectiveness.
The PL spectra (Fig. 8) shows that the PL intensities of all N-doped catalysts were way lower than the undoped one, indicating that doping nitrogen enhanced the efficiency of charge separation and transfer from valence band to conduction band and the number of recombination center also declined since the spectrum reects the photon emission signals from the recombination of secondarily excited electron-hole pairs.
Moreover, PL intensity of sample NP-TiO 2 -2-400 was further lower than that of the other two N-doped samples, which indicated that improved capacity of electron-hole pairs migration was achieved by graing PEG to Ti atom. The relatively high capacity of electron-hole pairs migration made the photoactivity of the pre-modied sample be higher than that of the post-modied sample with the same BET surface area.
3.2.5. Energy band calculation. To investigate the change of band gap structure and pinpoint the effect of introduced interstitial nitrogen to it, rst-principles density functional theory (DFT) was utilized to calculate relevant data. 21 The schematic illustration of model structure for as-prepared undoped TiO 2 and sample NP-TiO 2 -2-400 ( Fig. 9a and b) was constructed according to the method of Di Valentin et al. 35 The interstitial nitrogen was bound to one lattice oxygen, interacting with lattice titanium in the form of Ti-NO or Ti-ON which was consistent with XPS results. The calculated DOS indicates that a small mid-gap localized state due to the substantially low doping ratio was generated by interstitial N through N-O-p bond and it was about 1.5 eV to the valence band maximum. DFT method is prone to narrow the band gap of semiconductor, thus following the reported literature, 21 the "scissor operator" treatment was applied to correct the calculated results which shied the conduction band by 1.5 eV, thus it can be concluded that the doped nitrogen narrows the factual band gap to 1.7 eV. Although the mid-gap state was seemingly relatively negligible, it bestowed signicant enhancement of photocatalysis on the doped TiO 2 under visible light.
Cycling tests of the TiO 2 coated quartz fabric
The catalysts coated quartz fabrics using precursors of different Ti mass fraction were prepared. Detailed preparation parameters for QF-1, QF-3 and QF-5 were listed in Table S1 . † To ensure the supported catalysts have equal mass as well as the good uniformity (the mass ratio of precursor solution to quartz fabric should be greater than 4), the mass of quartz fabric for QF-5 was halved. The coating mass ratio of QF-1 and QF-3 was 20% while that of QF-5 was 40%. Cycling tests of the photodegradation under visible light were imposed on the TiO 2 catalysts coated fabric (Fig. 10) . As shown in Fig. 10 , QF-1 exhibited reusable stability but low photocatalytic activity, while QF-5 showed high photocatalytic activity at the rst round, but plummeted aer recycling. The sharp decreasing photocatalytic activity of QF-5 was due to the high load ratio, which made the supported catalysts unstable and facilitated their shedding. QF-3 showed high photocatalytic activity as well as favorable cycle stability. Both the photocatalytic activity and the mass of QF-3 were not decreased aer reused for 15 times (Fig. 11) , indicating that the immobilized catalysts were rmly clung to quartz ber and retained their photocatalytic capacity.
Conclusion
Through the novel polymeric precursor method provided by this research, immobilized visible light active TiO 2 photocatalysts were successfully prepared, and the new idea derived from this method could be used for resolving the two bottleneck problems that restrict the practical applications of TiO 2 , low photocatalysis under visible light and difficulties in the recycle and reuse of catalysts. The XPS and DFT calculation results revealed that the nitrogen narrowed the origin band gap of anatase TiO 2 to 2.8 eV by generating mid-gap states in the interstitial doped form.
Additionally, this synthesis process also showed compatibility with various modication methods like multi-elements doping or pore forming. For instance, in this work PEG-600 was added in as a porogen. Compared with the unmodied sample, PEG improved BET surface areas of catalysts by 55% and photodegradation rates of methyl orange by 33% when irradiated under visible light for 4 hours. Moreover, graing PEG onto the titanium increased the capacity of electron-hole pairs separation and migration, boosting the number of charge carriers and extending their lifespans simultaneously. Thus, we can attempt to add more dopants or templates to prepare porous TiO 2 photocatalysts with higher surface areas and better performances in visible-light photodegradation. Fig. 10 Cycling tests of photodegradation of methyl orange of catalysts coated quartz fabric. Fig. 11 Mass of QF-3 after each cycle of photodegradation test. Fig. 9 Schematic illustration of crystal lattice structure of (a) undoped TiO 2 , (b) NP-TiO 2 -2-400 (red: oxygen atoms; gray: titanium atoms; purple: nitrogen atoms) and their respective calculated DOS ((c) undoped TiO 2 , (d) NP-TiO 2 -2-400).
